We have studied why PA (post-annealing) takes a long time to restore damaged crystallinity, which corresponds to repeat 10 10 times of lattice vibrations. Using a MD (molecular dynamics) simulation, we monitored the time-series of the LRO (long-range order) parameter as LRO pattern, in the case of a type IIa diamond, from the beginning of ion impact by a sub-keV N 2 beam implantation to a few nanoseconds, i.e., close to the feasible time limit for MD simulations. Due to the ion impact, the LRO parameter changed gradually from "LRO = 1" (crystal) to "LRO = 0" (amorphous), showing the so-called critical slowing-down phenomenon. However, since PA was started the LRO pattern was not unique. The LRO patterns were grouped into more than three types of phases and the transition between them was also found. From the viewpoint of statistical dynamics, such chaotic variations in the LRO pattern may present that the system is a GCM (globally coupled map) of a complex system in a closed system. A GCM composed of coupled oscillators develops slowly to exhibit several different phases or 'chaotic itinerancy' over time. Therefore, the long duration required for PA may be attributable to the nature of a complex system.
Introduction


The benefit of using ion implantation to produce semiconductor devices lies in its high controllability. Using this process, dopants can be squeezed into a small confined area with an accuracy of 1 nm 3 or better to realize a desired device design. However, the host crystal receives inevitable damage due to ion impact. A dopant atom firstly allocated at interstitial site should be activated by replacing with a lattice atom where the surrounding field has retrieved the original crystallinity. The PA (post annealing) works very useful to activate the dopant to a certain level. That is, the enhanced lattice vibration works effectively to restore the crystallinity and let it diffuse the dopants from interstitial sites to lattice sites. The T A (annealing temperature) has an optimal value, because the higher values of T A may result in better crystallinity of the host crystal but less controllability of dopants due to the more highly enhanced diffusion [1] .
Herein, a type IIa diamond subjected to a sub-keV N 2 beam is discussed. Sub-keV N 2 beam implantation into the diamond produces NV-N centers [2] , which is one of the most promising types of centers available for the fabrication of a 'not (NOT) system' in a solid-state quantum computer [2, 3] . In the diamond, vacancies can easily move at temperatures above 1,073 K, and nitrogen atoms begin to agglomerate above 1,273 K. Therefore, a temperature range of 1,073 < T A (K) < 1,273 is practically favored for PA. From the industrial viewpoint, the PA is practically terminated when the ratio of activated dopants reaches an acceptable level. A typical ratio to be accepted is a few tens of percent, while a high record could reach up to 80% [4] .
According to statistical thermodynamics, as is shown in Table 1 , PA can be handled as a closed system because no further matter is supplied after implantation while the free flow of thermal energy keeps the bulk temperature (T) constant at T A . Table 1 shows how to classify an ensemble based on the boundary conditions enclosing a gaseous medium, where no significant interactions between constituent D DAVID PUBLISHING elements (agents) are supposed. Such an element can be any substance in the actual system other than the oscillator. However, we will refer to it as agent hereafter. If the interaction between agents becomes important, the system can show many phases as follows:
As one example of isolated systems, the GL (game of life) is known [5] , where every agent has two states, just as each side of a coin shows a reverse state. In a GL, one side of a chip is often white (alive) and the other black (dead). The state (color) of an agent changes step by step, depending on the color of the surrounding agents, according to the interaction rule among agents. At each step, a "group shot" of the entire distributions of colors is taken, and the time series of those snapshots are monitored. Kauffmann observed that those patterns depend strongly on the initial conditions [5] . Wolfram grouped these patterns into four classes, i.e., I to IV [6] . Class I means that all agents take the same state, i.e., black or white. Class III means complete chaos. The phase change among four classes associates with that of the effective degree of freedom. Namely, the class III and the class I correspond to the maximum and the minimum of the degree of freedom respectively. Langton defined the so-called lambda (λ) parameter. If increased the λ parameter, the phase change proceeds from the regular classes (I and II, in this order), through the specific class (IV), which has a critical point called "Edge of Chaos," to the irregular class (III) [7] .
As an example of closed systems, the GCM (globally coupled map) [8] is known, where agents are coupled oscillators. The GCM also has four phases as shown in Table 2 in the time evolution. They are called coherent, ordered, turbulent, and partially ordered phases, which correspond to Langton's classes [7] I, II, III, and IV, respectively. The present MD frame might satisfy the condition of the GCM of a complex system, because atoms in a solid form an ensemble of coupled oscillators that interact to each other via elastic forces.
The chaotic itinerancy shown in the first row of Table 2 means the phase change that associates the change in the effective degree of freedom, as shown in the first row of Table 2 . The first coherent and the third turbulent phases represent the smallest and largest number of the effective degrees of freedom, respectively. As a general nature of a complex system, the evolution elapses a very long time, where synchronization among many agents with different frequencies of oscillators has been often observed, via nonlinear interactions [9] . Such phase transition is already known in the simplest system of coupled oscillators, i.e., a double pendulum, as the transition from regular to irregular movement [10] . Hereafter, we will refer to one of the itinerant patterns as a phase even though the original literature denotes it as a class. The necessary conditions to be recognized as a GCM are: (i) they have four phases; (ii) the starting phase depends strongly on the initial conditions; (iii) the time series of phases shows the chaotic itinerancy among four phases. These complex behaviors originate from the strong interaction among agents in a complex system.
As an example of open systems, the CAS (complex adaptive system) [11, 12] is known. The CAS is a general nonlinear system and is applicable to not only life sciences but also theories of general complex systems [13] . In this case, it is difficult to predict the fixed number of phases, because a new evolutionary mechanism can be produced due to the free supply of new material from changing circumstances. This brand-new phase may imply the creation of a higher class, beyond the present scenario based on the assembly made of current agents. Notably, the number of typical phases cannot be fixed. The aim of this article is to study whether a GCM is realized therein or not during the PA procedure: Namely, our subjects are to make it clear whether we see some phases that has strong dependence on the initial conditions, and transitions among them.
Methods
Conditions of the MD Simulation
MD (Molecular dynamic) simulation has been often used in semiconductor engineering [1] to study many stages, including the PA stage. The initial condition for an MD is defined by three parameters (E 0 , T A , R d ). The value of E 0 is the impact energy/atom, which determines the volume of the collision cascade; T A determines the amplitude of lattice vibration; R d is a random number that defines the impact point of the center of gravity of a N 2 molecule on the surface of the target. Of those three parameters, we knew that R d appears to be the most effective factor for defining the LRO (long-range order) pattern as an important initial condition.
In the MD box, the number (N) of atoms and the volume (V) are held constant via periodic boundary conditions, and T is held constant using the velocity regulation rule [14] . Then, the so-called NVT frame of MD, where those three quantities (N, V, T) are kept invariant, is the most suitable algorithm for analyzing the beginning of the PA stage.
Herein, the case of a type IIa diamond subjected to a sub-keV N 2 beam impact is considered based on an MD simulation with a NVT framework, from the instant of ion implantation up to a few nanoseconds (ns), which corresponds to trace the implantation stage and the beginning of the annealing stage. The size of the MD box was selected by considering the ion ranges estimated by a code called SRIM [15] . When a 500 eV nitrogen atom is implanted into the diamond, the projected range (R p ) is 4.3 nm and the lateral range straggling (ΔR L ) is 2.0 nm. In fact, when a N 2 beam with E 0 = 500 eV/atom was used, the average range was <R p > = 1.88 nm and the average intrapair distance of the dissociated N atoms was <R N-N > = 2.45 nm [16] .
Thus, an MD cubic box with a side length of V 1/3 = 5.5
nm, which corresponds to N = 32,768 atoms, is sufficiently large to enclose collision cascades in all cases for a sub-keV N 2 beam.
We modeled a N 2 beam that was vertically incident on the central area of an MD box representing the (001) surface of the diamond. In all cases, the impact of the beam was simulated at room temperature (RT).
The annealing process was initiated once the system had thermally stabilized; namely, once the relative error (T-RT)/RT had decreased to 1%. The heating was started with a rate of 0.5 K/fs until T reached
When solving the equations of motion for all atoms in the MD box, the driving force on the i-th atom, located at r, is determined by the derivative of the potential field (V(r)) surrounding that atom. All the interatomic potentials adopted are given elsewhere [17] . The length mesh (∆r) that is used to differentiate . During the annealing stage, however, the condition "∆t = 10 -15 s (1 fs)" can be possible when the system is nearly thermally stabilized.
Identification of Phase
We need a quantity or pattern to identify the "phase", which describes the overall profile of the system at each step. For this sake, the degree of restoration is monitored during PA procedure via the time series of the LRO parameter [18] [19] [20] , which we call the LRO pattern for brevity. Values of "LRO = 1" and "LRO = 0" indicate a perfect crystalline state and an amorphous one, respectively. An intuitive expectation for the effect of PA is that the LRO pattern will be a monotonically increasing curve from "LRO = 0" to "LRO = 1" as PA proceeds. If this occurs from the beginning, PA should be ended much quicker though.
We used a crystallographic analysis technique that we call PM (pixel mapping) [19, 21] . Based on the crystallographic database for many inorganic crystals [22] , PM describes the crystal structure of 24 prototype cubic crystals belonging to the space groups #195#230. A type IIa diamond belongs to a zincblende-type crystals as well as cases (Si, Ge, C, and many III-V compounds), where a common algebraic rule is used for those crystals in the same prototype group [19, 21] . In the PM method, the entire space of a cubic crystal is segmented into small pixels with an address given by a set of integers (l, m, n), which has many advantages to identify various types of crystalline defects [19] , if compared to ordinary description using real coordinates (x, y, z).
The LRO parameter depicts the degree of crystallinity in terms of the ratio of the number of atoms correctly located at lattice sites to the total number of atoms within a specified volume. That is, LRO = 0.3 means that 30% of target atoms remain at their original lattice site. If the volume is taken to be the entire MD box, we obtain a global value of the
LRO. If more detailed information is required, finer quantities of LRO(r), LRO(z), or LRO(r, z)
is useful, where the radial distance r and depth z are taken from the axis of incidence along the ion trajectory and from the surface, respectively. The meshes are taken as dr = dz = 0.5 nm. If an MD box is segmented into coaxial cylinders along the axis of incidence of a projectile, it yields LRO(r). If it is segmented parallel to the surface, it yields LRO(z). If it is segmented finer by further slicing those cylinders vertically parallel to the surface, it yields LRO(r, z) [20] . In this article, we evaluated LRO(r) for the surface region at z (nm) < 1.0, because the depth(z)-dependence of LRO of a diamond subjected by sub-keV N 2 beam was very weak and looked ignorable [3] .
Results and Discussion
We have studied PA from the inquiry whether it is GCM or not. The essentials of GCM are that the time-series describing the entire system will be grouped into four phases, with strong dependence on the initial conditions, and chaotic itineracy between phases during long time duration.
We monitored the time-series of the LRO parameter for a type IIa diamond subjected to a N 2 beam with energy per N atom on the sub-keV scale. We observed that after ion-implantation, the crystal first underwent from a crystal to an amorphous (CA) transition within 20 ps at longest. Because of the so-called critical slowing-down phenomenon that gradually occurs as a system progresses toward amorphization, this transition occurred much later than the moment when energy deposition from the projectiles to the target ended (usually in a few fs). Then, the PA process succeeding thermalization was started.
All figures (Figs. 1-2) use the same notation. The time increment selected for the acquisition to plot the time-series or LRO pattern, LRO(r) at surface region, was 10 ps. Eight values of "r", as indicated by eight different symbols. We ignored the data from the top layer because these data may include trivial errors as a 
Strong Dependences on the Initial Conditions; Three Phases
First we found three LRO patterns as illustrated in Fig. 1 , where the parameter R d used was different to each other. With considering the similarity between our LRO patterns and the four phases of the GCM listed in Table 2 , the following analogy can be proposed. They can be regarded as ordered, partial ordered, and random phases; in the order of The strong dependence of LRO pattern was found especially on the initial condition of (R d ), while other two factors (E 0 , T A ) gave small variation on the typical LRO pattern. We therefore qualitatively grouped all the results depending on the LRO pattern, which were strongly affected by the used R d . No new profile other than three patterns shown in Fig. 1 has been found, even for various values of parameter R d .
The first "ordered phase" in Fig. 1a is composed of intermittent LRO spikes. They look synergetic, being different from other two figures, because these eight data points for different "r" appeared to be well bunched into a single broken line throughout nearly the entire PA period. Similar profile was also observed for atoms in the deeper layers. The detailed radial distance (r)-dependence in LRO(r) looks negligibly small, except for the second spikes in Fig.  1a . Such an ordered phase appeared even at much lower temperature of T A . The lower the T A , the shorter the regular time interval (δt) between spikes increased, e.g., 120 ps (E 0 = 200 eV/atom and T A = 300 K), 100 ps at 500 K (Fig. 1a) , and δt = 70-80 ps at 1,000K [20] . Such a cooperative profile implies the presence of phonon-like movement of target atoms.
The second "partially ordered phase" in Fig. 1b has some groups appeared randomly, where each group includes a few spikes or pillars apart almost regularly to each other. The higher the value of T A , the more rapidly the next group emerged. These spikes or pillars also represent the intermittent and synergetic restoration of crystallinity.
In comparison with Fig. 1a , there found longer duration of the crystalline state (40-50 ps at the longest) and the poorer synergetic quality by means of the r-dependence.
The third "turbulent phase" in Fig. 1c is a random phase. No cooperative movement was found, and temporary restoration spikes looked as sharp as whiskers. Perhaps the atoms were moving quite independently and no phonon-like motion occurred. This result is not surprising because random or chaotic patterns are already well known to arise in GCM of a complex system that describes many-body interactions among agents [8] .
Missing Phase; Coherent Phase (I)
The coherent phase (I) in Table 2 is yet missing. In the coherent phase the effective degree of freedom is the smallest due to synchronization [9] , see Table 2 , where almost atoms move in phase simply toward full restoration, as well as supposed first as an intuitive expectation. Such a situation cannot occur from the beginning of PA; because if it happens from the first, the PA system would never require such a long period (> 10 -3 sec). In general, all atoms do vibration with Fig. 1a) to the phase IV (Fig. 1b) , where E 0 = 200 eV/atom and T A = 1,000 K. The parameter R d is the same to that used in Fig. 1a. different frequencies. However, by means of synchronization somewhat regulated movement of atoms might happen after huge number of mixing lattice vibrations with different frequencies. Namely, the coherent phase can occur only in the ending stage of PA, much later than the time limit of MD.
Chaotic Itinerancy
If an initial condition straightforwardly defines one LRO pattern and the same pattern will be retained through the end of the time series, it is difficult to explain that phases shown in Fig. 1 approaches to a well restored stage and ultimately reach an acceptable level. On the other hand, if the coherent phase appeared in the starting stage from the first, it is again difficult to explain why one has to wait to complete PA up to the order of a few milliseconds (ms). Fig. 1 presented three phases in the time series of LRO patterns in PA within the time limit of MD (~ ns). Those figures show the starting stage of PA, because a real PA requires a long period (~ ms). Note one report [23] that showed the long time-scale for the relaxation of a molecule after photon irradiation: The relaxation process associated by chemical reactions elapsed 100 ns, by means of the atomistic deformation. Fig. 2 shows the phenomenon of chaotic itinerancy, which describes the transition from one phase (II) to another (IV), which occurred without changing R d . Therefore, it became possible to presume that our missing phase (phase I) might emerge via transition in the later stage of PA, which may explain why such a long PA time would be required before the system could reach an acceptable state.
Conclusions
We studied the starting stage of PA, using MD simulations to examine the restoration of a damaged crystal during PA by monitoring the time series of the LRO pattern with duration of 1.5 ns. This is close to the feasible time limit for MD simulations. The intuitive expectation for PA was to see an LRO pattern that increased monotonically from a "LRO = 0" (amorphous) to a "LRO = 1" (crystalline) state over time. However, the obtained results were more complicated, as follows:
(1) We observed only three types of LRO patterns within the time limit of the MD simulation, which may reveal the starting phases. They can be regarded as ordered (II), partially ordered (IV), and turbulent (III) phases.
(2) The occurrence of those phases depended strongly on one of the initial conditions, R d , which was a random number used to define the impact point
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(3) Chaotic itinerancy or transition from one phase to another occurred just before reaching the time limit of MD simulation, i.e., approximately at 1 ns.
These three characteristics (various phases, strong dependence on initial conditions, and chaotic itinerancy) are typical characteristics of a GCM of a complex system [8] , where every atom participates in non-linear interactions throughout the system. To conclude so, the coherent phase is missing. Nevertheless, if it appeared from the beginning of PA, PA techniques have been nothing. We suppose this coherent phase would appear as an ending phase much later after long mixing of lattice vibrations with different frequencies, where the long path of chaotic itinerancy among those three phases continues before waiting synchronization [9] . That is, the reason why PA requires a very long time may be that PA waits the emergence of the coherent phase to ultimately complete the PA stage. Generally speaking, complex system performs a long period of evolution as if it continues for ever. However, the aim of the research is to control the system. Namely, even if a complex system looks to be a time-consuming, dispersive, and even endless phenomenon, there can be a measure to control the procedures [24] by studying chaotic itinerancy.
